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The spatial extent of orientational short-range order in liquid and rotationally disordered phases of two
halogen-substituted methanes are examined by means of neutron diffraction. The pair distribution functions
measured within the liquids are compared to those corresponding to the rotator-phase crytals where the
separation between orientational and positional correlations is enabled by the presence of time-averaged fcc
lattices. The two condensed systems under scrutiny comprise a material devoid CCl4 and another
CCD33Cl having a relatively strong molecular dipole moment. Our results show orientational correlations
to be confined below the second coordination sphere. Furthermore, contrary to what could be expected, angular
correlations within the nonpolar material are of comparable strength to those present within the polar
CCD33Cl.
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I. INTRODUCTION
In the past few years research on the microscopic struc-
ture and dynamics of rotationally or orientationally disor-
dered OD crystals has attracted renewed attention.1 The
underlying reason beneath such an effort stems from the
close behaviors shown by these systems to those exhibited
by structurally disordered matter. In fact, several studies2,3
have reported on the proximity of dynamic behaviors shown
by materials in their liquid and amorphous states to those
found in the corresponding rotator-phase or orientationally
disordered states.
In contrast to such progress within the realm of dynamical
aspects, the advance in our knowledge of details concerning
the microscopic structure of orientationally disordered crys-
tals has been far more modest. Interest on such a topic stems
from a wide variety of fields stemming from condensed mo-
lecular bodies4 to polymers and other large-scale aggregates5
or imperfectly ordered arrays such as stripe patterns.6
Within the field of interest, emphasis is most of the times
focused on the relationship between the time-averaged crys-
tal structures to that shown by the same material within its
liquid or glassy phases. The driving force behind such efforts
stems from the advantages offered by conceptually simple
systems such as lattice gasses or other kinetically constrained
models7 to rationalize the behavior of real materials.
Here we pursue these efforts by means of studies on two
materials composed by high-symmetry molecules which in-
teract via van der Waals and electrostatic forces only. Crys-
tals composed by globular shaped molecules are of interest
due to their inherent polymorphism. This arises as a conse-
quence of the interplay between their molecular point-group
symmetries and the usually high symmetry of their crystal
lattices. Such a circumstance leads in some cases to crystals
where the lattice structure corresponds to that of the center-
of-mass of molecules sitting at the lattice nodes, this now
understood as a time-averaged configuration. Such molecules
can execute fast reorientations under usually weak hindering
forces. Motions along different crystal axes are required so
that the molecular and crystal symmetries become symmor-
phic. In other words, the presence of a usually high-
symmetry crystal lattice for a material composed of mol-
ecules with point-group symmetries lower than the lattice
space group, forces molecular rotations to take place along
different axes so that the lattice symmetry arises as a time-
average taken over whole periods of molecular rotations.
Methylchloromethanes CH34−nCCln, Cln for short consist
on a central carbon atom, and an increasing number of chlo-
rine atoms n with a concomitant decrease of methyl groups
4−n. Such a family of compounds retains a marked simili-
tude of its structural properties since the overall molecular
symmetry is mostly preserved with increasing Cl substitution
due to the close Van der Waals radii of a chlorine atom and a
methyl group. The substitution, however, leads to significant
differences in their potential energy landscapes resulting in
different polymorphic sequence.
The compound of the series here studied referred to as Cl4
shows one metastable OD phase, with a monotropy relation-
ship to the stable phase.8–11 This means that when this com-
pound is cooled down from the liquid phase L, a first phase
transition into a metastable phase Ia takes place, and on
further cooling a subsequent transition to the stable phase
Ib occurs. Heating from such a state leads to melting of the
stable Ib phase without subsequent transformation into the
metastable Ia orientationally disordered phase. In other
words, reaching the Ia state requires freezing from the liquid.
The metastable phase Ia shows a fcc structure while stable
OD phase Ib displays a rhombohedral lattice. In addition, a
low-temperature phase transition from phase Ib leads to
C2/c monoclinic structure. On the other hand all the phase
transitions involved in the Cl1 compound are reversible.
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More into specifics, such a compound named tert-butyl chlo-
ride, has a low-temperature monoclinic phase with P21/m
symmetry which upon heating transforms into tetragonal
P4/nmm.10,12 In this last phase molecules are placed in such
a way that the C-Cl molecular axis lies along the crystal c
axis. Dynamically, this latter phase,13 shows molecules rotat-
ing about the C-Cl axis, and a low amplitude libration cor-
responding to angular excursions from such a direction. The
phase attained upon freezing the normal liquid shows an ori-
entationally disordered character with fcc symmetry. In turn,
the compound for n=4, carbon tetrachloride, shows a C2/c
monoclinic low temperature phase and two OD phases. The
phase attained while cooling down the liquid again shows a
fcc structure and, on further cooling one arrives to the rhom-
bohedral stable OD phase.
Here we report on neutron diffraction results carried out
on both liquid and rotationally disordered crystal states of
both compounds. Our aim is thus to track down the origin of
orientational correlations within the liquid state using the OD
fcc crystal as reference states. The important aspect here
stems from previous evidences that have shown how short-
range order SRO within crystalline phases is kept in the
disordered phases of these compounds10,14 and therefore the
question of whether such SRO still is preserved upon melting
naturally arises.
II. EXPERIMENTS AND DATA ANALYSIS
A. Experimental
Materials were used without further purification. The deu-
terium isotopic purity of the Cl1 compound was better than
99%. Neutron-diffraction experiments were carried out using
the D1B diffractometer at the Institut Laue-Langevin
Grenoble, using a wavelength of =1.2805 Å−1, as deter-
mined by calibration using an alumina sample. The cell used
to perform the experiments was a standard vanadium can
with a diameter of 9.5 mm and a wall of 0.1 mm. In order to
perform the necessary corrections we have also measured an
empty cell and a Cadmium probe. The preparation of the
samples in their liquid or disordered crystal phases was car-
ried out in situ, by means of mild thermal treatments. Mea-
surements were performed, on both compounds, at tempera-
tures of 298 and 240 K corresponding to liquid and crystal
phases of CCl4 and at 298 and 238 K for those pertaining
CD33CCl, respectively. Data were corrected for absorption,
extinction and multiple scattering using the computer code
“correct” provided by the Studsvik Neutron Research
Laboratory.15 Placezk corrections were applied to the cor-
rected data fitting a polynomial function, having Q2 and Q4
terms, to the obtained spectra. The maximum momentum
transfer obtained in this experiments was of 8 Å−1, large
enough to obtain information about short-range order in the
disordered phases using the RMC method, since within such
phases intra molecular and intermolecular distances are
clearly distinguishable as shown by Jóvári.16 Because of the
somewhat limited Q range used, special precautions had to
be taken to avoid strong truncation ripples in the fourier
transformed spectra. To alleviate such a problem recourse
was made to previous work on fourier inversion maximum
entropy methods17 that are specially suited to deal with this
kind of problems.
Diffraction patterns for CCl4 within the rotationally disor-
der crystal show an intense Bragg peak corresponding to the
200 reflection at momentum transfers Q1.508 Å−1 that
corresponds within the melt to those characteristic of the
first-sharp-diffraction peak FSDP. Similar remarks apply to
CD33CCl. Both disordered crystals having Z=4 molecules
show fairly close values for the lattice parameters that be-
come a=8.335 Å and a=8.669 Å, respectively.
B. RMC modeling
To help with the analysis of experimental data, reverse
Monte Carlo simulations18 RMC fits to the obtained spectra
have been performed. The method uses a standard Monte
Carlo algorithm to move particles within a simulation box,
but instead of minimizing the energy, it is the statistic 2,
calculated from difference between experimental structure
factor and the structure factor, calculated from the computer
configuration, what is actually minimized. The output con-
sists in 3D molecular configurations that are consistent with
experimental data. Here we report on some RMC results for
liquid and fcc phases of both compounds. Simulations were
carried on using several initial configurations. Bond-angle
and bond-length constraints were used since flexible mol-
ecules are used to mimic thermal deformations. The closest
atom-atom distances of approach were determined from ex-
perimental results, and the program GHEMICAL Ref. 19 was
used to determine suitable molecular structures. Estimates of
vibration amplitudes were also taken from Refs. 20 and 22.
1. Simulation of the liquid phases
The initial configurations of liquid CCl4 and CCD33Cl
were performed within boxes of length 54.34 and 55.8 Å,
respectively, containing 1000 molecules, which were chosen
to correspond to liquid densities under SVP conditions. Mini-
mum distances of approach were set as 3.0 Å for Cl1 and
3.3 Å for Cl4. Once the initial configuration of the molecular
center-of-mass was specified, initial random orientations of
the molecules were generated. This was verified by calcula-
tion of several orientational correlators which show the same
random average values for separation distances between
molecules of 5.25 Åd12 Å. Simulations were carried in
all cases until convergence of the 2 parameter was achieved.
Some representative results for both liquids are shown in
Figs. 1 and 2. As can be seen good agreement between cal-
culated and experimental spectra was achieved. In addition, a
further test of the relevance of the finally obtained configu-
rations was provided by comparisons between our calculated
partial pair correlation functions for one of the liquids Cl4
and those derived from previous MD simulations.22,23 They
were found to agree with a maximum difference of 0.2.
2. Simulation of the fcc phases
Diffuse scattering is the intensity that is scattered by dis-
ordered crystals and usually appears beneath Bragg reflec-
tions. Thermal or static disorder either of substitutional, po-
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sitional, or orientational origin gives rise to such scattering
patterns. Furthermore, in the case of orientationally disor-
dered crystal phases such diffuse spectrum contains valuable
information about the short-range order present in these
phases. Here we will follow steps similar to those employed
in the pioneering work of Dolling et al. on the plastic phases
of SF6 and CBr4. The static structure factor SQ, for a dis-
ordered polycrystal, can be represented by a sum of Bragg
and diffuse components24,25
SQ = SBraggQ + SdiffQ . 1
The SBraggQ term contains information about the time-
averaged crystal structure and is defined by24
SBraggQ = bQ	2, 2




bj expiQ · r j . 3
Here bj is the scattering length and r j the position of the jth
nucleus and the sum runs over all the nuclei in the system.
SdiffQ arises from the equilibrium fluctuations in bQ and
represents diffuse scattering:
SdiffQ = bQ2	 . 4
To carry out RMC analysis of the diffuse scattering pat-
terns the starting configurations were generated with molecu-
lar centers-of-mass located at the fcc equilibrium positions
and random orientations of molecules. This is done in order
to alleviate the finite-size problems posed to the RMC
method by the simultaneous presence of both Bragg and
diffuse-scattering peaks see Ref. 26. The number of mol-
ecules employed were of 864 molecules for both Cl4 and Cl1
corresponding to simulation boxes of 50 and 52 Å, respec-
tively. Such length comprises 666 cells. The same tests
as in the liquid phase were performed, ensuring a complete
random initial orientation of molecules.
An alternative route such as that described in Ref. 27 was
also followed to ensure the reliability of the obtained results.
It is based upon RMC modeling using the experimentally
derived Gr rather than the static structure factor. The
former was obtained by transforming SdiffQ into real space
using methods referred to above. The RMC simulations for
the crystals were then performed keeping the molecule
centers-of-mass in their fcc lattice points.
In Figs. 3 and 4 the agreement between calculated and
experimental spectra can be gauged.
FIG. 1. Comparison of experimental solid circles SQ struc-
ture factor of liquid CCD33Cl with its RMC fit solid line.
FIG. 2. Reverse Monte Carlo fit solid line to the experimental
structure factor solid circles corresponding to liquid CCl4.
FIG. 3. Experimental diffuse structure factor SdiffQ and the
corresponding real-space distribution function Gr solid line of
CCD33Cl fcc phase; the dashed line corresponds to the RMC fit.





The nature and extent of orientational short-range-order in
liquid CCl4 has been a topic many times visited since early
reports,20,23,28 up to very recent times.29 The Apollo model
for a Cl4 molecular dimer first proposed by Egelstaff et al.,28
in which the vector defined by the C-Cl bond of two mol-
ecules is parallel and lies in the same axis configuration
labeled as A in Fig. 5, seems to explain x-ray and neutron-
diffraction spectra for the liquid.22,23 Pictorially, this configu-
ration shows one of the chlorine atoms placed within the
hollow formed by the three chlorine atoms sometimes called
the “face” of the molecule of the adjacent molecule. A slight
variation of this model leads to the interlocked configuration
where molecule “edges” formed by two chlorine atoms are
perpendicular to those of a neighbor molecule, allowing an
interpenetration of both tetrahedra, a geometry also depicted
in Fig. 5c. Another sort of dimer arrangement is the “face
to face” type configuration, where the vector defined by the
CuCl bond is antiparallel, Fig. 5b, lying on the same axis
as in the crystalline state,30 or being slightly displaced as in
the configuration proposed by Lowden et al.31 in what fol-
lows Lowden-Chandler interlocked configuration.
To provide a quantitative measure of orientational short-
range order we have chosen to study the relative orientation
and position of nearest molecules in terms of the distribution
P of values of the angle  defined by vectors rCCl of different
molecules Fig. 6, having each molecule four equivalent
rCCl vectors. Such distributions were calculated for pairs of
molecules within distances of d5.25 Å, that correspond to
nearest-neighbor separation. The distributions thus comprise
an average taken over the 16 possible  angles and the result
is shown in Fig. 7. Data displayed in Fig. 7 thus include all
possible effects due to competition between different favor-
able orientations. The procedure was repeated for increasing
distances of separation. The distribution, as expected, be-
came more featureless as the distance increases, attaining
values nearly uniformly distributed for distances above some
10 Å. From the graph shown in Fig. 7 we infer that neither
Apollo-type or interlocked orientations are truly dominant
over others since peaks at cos=1 and cos=−0.33
would have to be more relevant otherwise. On the other
hand, face to face type orientations are more abundant since
these lead to contributions for cos=−1, which indeed are
present in the figure. Finally, even face to face or Lowden-
Chandler interlocked molecular arrangements are compatible
with our data, leading both to contributions not far from
cos0.33, the deviation towards higher values in cos
in our data, is probably a signature of lesser defined orienta-
tional correlations than those derived from the somewhat
idealized models here discussed.
An estimate of the strength of orientational correlations
and how these translate into features displayed by the radial
distributions is provided by data shown in Fig. 8. There, the
resulting distributions from a fully relaxed RMC simulation
are compared to results corresponding to complete random-
FIG. 4. Upper frame shows experimental SdiffQ, the lower
displays Gr solid line compared with RMC fit dashed line; for
CCl4 fcc phase.
FIG. 5. Color online. Orientational models describing the
nearest-neighbor arrangement. a Apollo type. b Face-to-face
configuration. c Interlocked arrangement.
FIG. 6. Definition of the  angle, defined by vectors rCCl of
different molecules.
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ization of molecular orientations. The optimal Gr functions
displayed in the figure just referred to show far marked struc-
ture than those corresponding to random orientations. The
comparison of random and fully relaxed distributions thus
lends further support to the soundness of angular distribu-
tions displayed in Fig. 7.
A less restricted view of the short-range-order is provided
by a representation of the three-dimensional structure as a
projection of the coordinates of molecular centers into a ref-
erence system fixed on a central molecule. The C atom of the
central molecule is placed at the origin, one of its rCCl vec-
tors defines the Z axis, being the Z coordinate of this Cl atom
positive. The XZ plane is specified by an additional rCCl vec-
tor, being the X coordinate of this second Cl atom positive.
In these intensity contours, vectors were normalized to unity,
since we are interested only in angles and not in the distances
involved. The distribution of molecules at distances less than
5.25 Å corresponding to nearest neighbors is such that
molecules tend to be localized opposite to Cl atoms Color
plots of the relevant correlations are given as suppplemen-
tary material,21 which provides a further evidence that mol-
ecule dimers have a face-to-face or Lowden-Chandler inter-
locked conformation, a configuration supported by the
results of Rey et al.22 Finally our results lend additional sup-
port to findings reported in Ref. 32 where a more primitive
molecular model was employed in the RMC simulations.
2. The fcc phase
The short-range order within the rotator-phase crystal is
determined following the same steps taken for the liquid
phase, by calculation of angular and positional correlations
between neighboring molecules. The value of the lattice pa-
rameter for the fcc phase at a temperature T=240 K Ref.
10 a=8.335 Å yields first- and second-neighbor distances
of d5.9 Å and d=a, respectively, account made of the
simulation box size. In Fig. 9 the cos distribution function
corresponding to correlations between first d7 Å and
second neighbors 7d9 Å is shown. Astonishingly, it
can be seen that a significant difference between angle cor-
relations exists between results obtained for such two dis-
tances. For 7d9 Å corresponding to second neighbors,
the angular distribution behaves much alike the liquid phase,
FIG. 7. Cosine distribution of
 angles for CCl4 and CD33CCl
compounds, with d5.25 Å and
d7 Å for liquid and fcc phases,
respectively. Solid lines are just
guides to the eye.
FIG. 8. A comparison of the partial radial distribution functions
for C-Cl and Cl-Cl resulting from an optimized RMC fit solid
lines of data for liquid CCl4 compared to those corresponding to a
configuration with complete random molecular orientations
dashes.
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whereas for d7 Å it is suggestive of a different kind of
short-range order. As written above, an Apollo configuration
would result in maxima of the cosine distribution function
for cos=1 and cos=−0.33, as indeed are here ob-
served.
It is also striking to compare angular correlations of this
OD phase to those of the liquid. From Fig. 7 we see a rather
different ordering pattern for both phases. While the liquid
shows a dominance of face-to-face configurations, the
Apollo configuration seems to better describe relative orien-
tation of molecules within the fcc phase. This means that
transit from liquid to the fcc phase involves a rotation of first
neighbors of 71° as well as a concomitant center-of-mass
displacement.
A representation of the three-dimensional structure pro-
jections, corresponding to first neighbors is shown in supple-
mentary material.21 In this case, at variance with the liquid,
molecules tend to concentrate in the positive Z direction.
Such a distribution again corroborates the Apollo-type con-




Unlike the nonpolar CCl4 case, the CCD33Cl molecule
has a privileged direction defined by the rCCl vector which
follows that of the molecule dipole moment. This implies
that there exists only one  angle belonging to two different
molecules separated by a distance d. In Fig. 7 this angular
correlation is depicted. The statistics of data shown in the
figure just referred to are poorer than those previously shown
since averages are now taken over a single C-Cl bond direc-
tion per molecule, and this could not be compensated by
taking averages over more configurations. At any rate, the
figure shows that the preferred C-Cl relative orientations
correspond to cos 1 and cos −1 unlike in the Cl4
case: that is, no “pure” configuration can be assigned to such
an angle distribution, Apollo and face-to-face configurations
are in competition.
A clue to understand the origin of such a behavior can be
found taking into account the dipole moment of the molecule
2.16 D that tends to orient molecules ferroelectrically.
Therefore this angular correlation results from a compromise
between the electrostatic force that tends to orient the mol-
ecules in an Apollo configuration, and the steric dispersion
force effects making the molecules to approach as much as
possible, as in the face-to-face configuration.
Concerning the projection of the central carbon positions,
a similar spatial distribution to that of the Cl4 compound is
found an additional figure is given in Ref. 21, which is
compatible with the face-to-face configurations of dimers.
Concerning the absence of the bright spot in the Z direction
related to the Apollo configuration, it only can be explained
if the occurrence of such relative orientation is rather poor.
2. The fcc phase
The details concerning the fcc phase are shown in Fig. 7
and Ref. 33 which display the orientational and positional
features as done for the previous compound. Both figures
evidence that the preferred relative orientation of a dimer is
now that of an Apollo configuration. In the fcc phase no
contribution to cos −1 is found, that is to say, no face to
face configuration contributes to the short-range order.
It is worth remarking here that important differences in
short-range -order between Cl4 and Cl1 may hold the key to
explain the different polymorphism of both compounds. Un-
like the case of Cl4, where second neighbors have face-to-
face relative orientation, Cl1 shows for such neighbors domi-
nantly Apollo configurations Fig. 10, that is the relative
orientations at short range correspond to a ferroelectric ar-
rangement. Such alignment of molecular dipoles is, however,
short ranged and does not last beyond the next-nearest-
FIG. 9. Angular correlation for CCl4 fcc phase. Distances
d7 Å and 7d9 Å corresponding to first and second neigh-
bors from reference molecule.
FIG. 10. C-Cl angle correlation function corresponding to fcc
phase of CCD33Cl compound.
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neighbor shell. This arrangement is reminiscent of that ap-
pearing within the tetragonal P4/nmm phase that forms be-
low 217.9 K which shows ferroelectrically aligned chains of
molecules along the crystal c direction, while the direction of
the dipole moment along such chains is reversed in the crys-
tal a-b directions. The fact that such local order is absent in
the OD fcc phase of Cl4 nicely unveils the action of electric
dipole forces. In this latter case, electrostatic forces are gen-
erated by a sizable induced-dipole contribution average
value estimated as 0.26 D Ref. 33 plus a that generated by
a small molecular octupole moment 15±3 D Å2.33
IV. OUTLOOK AND CONCLUSIONS
In this work we analyzed orientational correlations at
short range in liquid and plastic phases of CCl4 and
CCD33Cl by means of the combined used of neutron-
diffraction and RMC modeling. As expected, the obtained
results for liquid Cl4 agree with previous
determinations,20,23,30,31 that ensures the reliability of the pro-
cedures here followed. The basic picture within such liquid
portrays neighboring molecules ordered mostly in terms of
face-to-face and Lowden-Chandler arrangements. The im-
portant result here concerns the rather different orientational
arrangements found for the fcc plastic phase. There, both
angular correlations and nearest neighbors distributions are
significantly different from those found for the liquid. Such a
different behavior is understood on the basis of the energetics
of a pair of Cl4 molecules separated by a distance given by
the maximum of the GCCr partial pair correlation function.
This shows that the arrangements with increasing stability
are interlocked molecules, Apollo model, face-to-face; and
therefore one expects that in the absence of long-range ef-
fects brought forward by the presence of the periodic lattice,
nearest-neighbor molecules will adopt the minimum energy
configuration.
The results concerning Cl1 also merit some remarks.
Within the liquid, and contrary to simple assumptions lead-
ing to the expectancy of dominant configurations involving
the alignment or counteralignment of molecular dipoles,
one finds in the angle distributions only subtle features indi-
cating some predominance of ferro and antiferroelectric ar-
rangements. These correlations are largely enhanced within
the disordered crystal phase, thus favoring ferroelectric ar-
rangement at short distances. Again, and contrary to simple
expectancies, such well defined correlations fade away for
distances comparable to the second neighbors shell.
Finally, Fig. 11 shows a comparison between the liquid
radial distribution functions and Gorientr that is related to
the Fourier transform of SdiffQ. The distances are scaled by
the average molecular radii . The estimated values for the
molecular diameters are 2=7 Å for Cl4 and 2=7.04 Å for
Cl1.22 The first nontrivial result inferred from a glance to
such graphs concerns the rather different spatial extents
where Gorientr shows noticeable oscillatory structure. The
nonpolar but polarizable Cl4 shows such features up to
about 5.5 while that for Cl1 vanishes for distances in excess
of 4.5. This difference in behavior can tentatively be as-
cribed to frustration effects present in the latter sample due to
competing ferromagnetic and antiferroelectric alignment of
molecular dipoles. Such effects are obviously absent in the
former crystal which can only experience weaker induced-
dipole interactions which are about one order of magnitude
weaker than those generated by permanent dipoles in Cl1.
Also worth noticing from Fig. 11 is the far sharply defined
shapes of both the liquid Gr and Gorientr for Cl4 if com-
pared to those for Cl1. In particular, the effects of the marked
disorder in orientation of nearest neighbors within the liquid
and the alignment of molecular dipoles for crystal Cl1 trans-
lates here into very different shapes of the radial distributions
for distances comparable to those of molecular contacts. In
fact, the rise up of the radial distribution for Cl4 at distances
close to =1 is far steeper than that of liquid Cl1. This
comes as a consequence of the spatial correlations between
CD3 groups which involve a wider range of distances than
those of Cl-Cl contacts. Once a better defined orientational
local order sets in within the OD crystal, intermolecular cor-
relations become better defined, making Gorientr closer to
that of Cl4.
In summary, we have carried out a quantitative compari-
son of the extent of orientational short-range order in two
materials amanable to be studied within their molten states as
well as within the high-symmetry rotator-phase crystals. The
latter, which are to be considered as having a thermodynamic
stability closer to the liquid than to that of the fully ordered
states show a dramatic enhancement of angular correlations
with respect to those of the liquids. Finally, our results serve
to qualify usual assumptions concerning the strength of ori-
entational correlations in polar liquids. In fact, the study of
the polar CCD33Cl compound shows that such correlations
within both liquid and OD phases are indeed less marked
FIG. 11. Upper frame displays Gliqr solid line and Gorientr
dashed line for CCD33Cl compound. Lower frame shows the
corresponding functions for CCl4.
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than those of the nonpolar, but highly polarizable CCl4. This
final result emphasizes the role played by higher-order inter-
actions involving molecular polarization in governing par-
ticle arrangements at short distances. Their importance is
known from hyper-Raman scattering experiment,34 although
explicit means to model them are only starting to be
available.35
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